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ABSTRACT

The objective of this paper was to evaluate an economic-based

irrigation scheduling model that combines fresh and saline water to

•
maximize farm profits. Results indicate saline water can be used for

irrigated agriculture and that allowing unlimited pumping of saline

water could increase farm profitability.



OPTIMIZATION OF IRRIGATION SCHEDULING WITH
ALTERNATIVE SALINE WATER SUPPLIES

INTRODUCTION

A major task in the coming decades for the water-short West will be

encouraging the efficient use of existing water supplies and the

judicious development of unconventional sources of new water. Present

estimates indicate that in New Mexico ccnsumption is 1.7 times its

annual ground and surface water replenishment. Agriculture consumes

over 85 percent of all water used in the arid west.

At least three factors have prevailed and will continue to decrease

the availability of water for irrigation: (1) water tables are often

deep and declining, (2) sectors other than agriculture compete for the

limited water supply, and (3) increasing constraints placed on physical

extraction. In New Mexico, there currently exist restrictions on annual

pumping in declared basins. These restrictions limit producers to 42

acre-inches of water per acre, which is below the consumptive use of

several crops in the state.

While fresh water resources are limited, there are significant

amounts of ground water resources in the West that remain largely unused

due to high salinity levels. In New Mexico, over 15 billion acre-feet

of groundwater is classified as moderately saline to very saline, or as

brine (U.S. Department of Interior, 1976). Much of the water is so

saline that there has been little effort to use these resources for

agricultural production. While the brackish waters may never be used

for irrigated agriculture, the less extreme saline waters may have

potential for use.



There are two objectives for this paper: (1) to determine if there

are combinations of saline and fresh water applications that can be used

for irrigated crop production, and (2) to determine the value in use of

saline water in irrigated agriculture. The benefit of using saline

water as a supplement to fresh water is that farm profits may be further

increased and at the same time, fresh water conserved relative to

current usage.

METHODOLOGY

Three models were developed for use in southeastern New Mexico: (1)

a simple non-interactive salinity model that utilizes the electrical

conductivity of the soil and the irrigation water, (2) a more complex

salinity model that requires analysis of the chemical constituents of

the irrigation water; and (3) an economic model that interfaces with

either of the salinity models. The first two models were designed to

determine crop yields based on weather patterns and fresh and saline

irrigation water applications. The economic model was developed to

determine the optimal irrigation regimen of fresh and saline water and

the value of saline water for irrigated crop production.

Salinity Models

An existing irrigation scheduling model that was based upon a model

'described by Hanks (1974) was modified to include the effects of

salinity on crop yield in calculating evapotranspiration and yield. The

models consist of climatalogical variables to estimate evapotranspira-

tion, an index for relating expected crop water use to evapotranspira-

tion,- an index for estimating additional soil water evaporation from a



wet soil surface, and an index for estimating the effect of soil water

depletion and salinity on actual transpiration. Also because yield is a

component, the models incorporate the relationship between crop

production yield and crop water Use.

In the salinity models, water enters the soil of the root zone in

small increments. The salinity of the irrigation water is mixed with

the salinity of the water existing in the soil profile. The average

salinity of that water, in excess of the water holding capacity of the

top compartment of the soil profile, passes into the next depth where it

is again mixed with the current water in that depth, resulting in an

average salinity. If any excess water exists that amount.passes to the

following depth and the process repeated. The salinity in the soil

profile is concentrated over time by the extraction of fresh water in

each of the depths through transpiration and in the top foot by

evaporation leaving the higher salt concentration in the root zone.

After the average root zone salinity increases past a threshold

value, transpiration of and the resulting growth of the plant are

restricted by an empirically determined linear function of increasing

average salinity. A decrease in available soil moisture in the root

zone below a threshold level also linearly decreases transpiration and

crop yield.

Linear Programming Model

A linear programming model that incorporated a range of alternative

irrigation strategies, fresh to saline water mixes and cropping patterns

was designed to simultaneously determine the optimal irrigation sched-

ule, the mixture of saline and fresh water and the profit maximizing
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8crop enterprises. The LP was designed to represent farms typical of

southeastern New Mexico.

The activities of the LP were subdivided into two basic categories:

(1) alternative irrigation schedules and saline to fresh water mixes for

individual crops, and (2) cropping mix use. The alternative irrigation

schedules were derived from multiple runs of the salinity simulation

model. Irrigation schedules are specified as sequences of saline and

fresh water irrigations applied in order to maintain a constant crop

stress level. By varying the saline and fresh water mix and the crop

stress level, a production surface of alternative fresh to saline water

input was derived. The production surface was approximated in the LP

model by specifying a grid or range of activities corresponding to the

alternative irrigation schedules.

Each irrigation schedule activity contains three coefficients, the

net returns associated with a given activity, and the amount of fresh

. and saline water used during the season.

The second set of activities included in the LP model were

variables representing alternative cropping patterns. Cropping patterns

represent established rotations for the region. Resource constraints

consisted of fresh and saline waters at various exogenous levels.

Two alternative scenarios were developed for analysis.

Scenario 1. This scenario restricted fresh water resources to 42

acre-inches per acre, and increased the amount of saline irrigation

water. Saline water availability was initially set at zero and was

increased in 4 acre-inch per-acre increments to 42 acre-inches per acre.

In this scenario, the economic model chose the cropping pattern and the



corresponding amount of saline and fresh irrigation water that resulted

in the highest whole-farm profits.

Scenario 2. This scenario increasingly restricted fresh water

resource availability and provided unlimited quantities of saline water

tor irrigation. Fresh water was increasingly restricted in 4 acre-inch

per-acre increments, from 42 acre-inches per acre to 0 acre-inches. In

this scenario, the economic model also chose the cropping pattern and

the corresponding fresh and saline water utilization that would maximize

whole-farm profits.

The rationale for these two alternatives is that Scenario 1

indicates the value in use (demand) of additional saline irrigation

water, and Scenario 2 indicates the amount of fresh water that can be

conserved using saline water as a substitute without decreasing farm

profits.

RESULTS

The simple and the complex salinity irrigation scheduling models.

were calibrated using published data from an experiment in Brawley,

California. Table 1 presents the comparison of the measured yields for

the Brawley experiment with the modeled yield. The output of both

models agreed with published data and are reliable indicators of

expected yield results under variable weather conditions.

The following section presents the results derived from the

economic model for alternative cropping patterns and water scenarios.

Water quality was assumed to be 1,000 ppm for fresh water and 5,000 ppm

for the saline water. Table 2 presents the empirical coefficients and

other assumptions used for this analysis. Results include the optimal
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Table 1: Measured and modeled root zone salinity and yield of grain
sorghum irrigated with different levels of saline water at
Brawley, California.

Mean Root Zone Salinity
of Saturated Extract

Measured Modeled
Yield Yield .

(dS/m) (lbs/acre) (lbs/acre)

.3 5062 5362

8.9 4741 4813

7.3 4562 4003

11.4 1429 1746

12.4 419 1192

Table : Yield and salinity coefficients used in the irrigation
scheduling model needed to model the effect of irrigation and
soil salinity on the yield of selected crops at Artesia, NM.

CROPS
Barley Corn Alfalfa Sorghum Cotton

/
Salinity coefficient 1.38 1.14 1.15 1.29 1,42
intercept (a)

Salinity coefficient -0.0243 -0.0396 -0.0371 -0.0364 -0.0275
slope (dS/m)- (b) .

Yield coefficient -198 -5081.9 52 146 21.02
intercept
(lbs/acre) (a)

Y

Yield coefficient 366 443 280 . 340 34
slope
(lbs/acre-inch) (b)

Y

Rooting Depth (feet) 4 5 5 3 4

Threshold Level at
which transpiration is
reduced by salinity

15.6 3.5 4.0 8.0 15.2



fresh to saline irrigation water mix, and the on-farm economic impacts

of using saline water for each of the scenarios for a 500 acre farm in

southeastern New Mexico.

Scenario 1

Under this scenario, saline water is used to supplement the 42

acre-inches per acre of fresh water. When 4 acre-inches per acre of

saline water is available to augment the fresh water supply, alfalfa

acreage is produced with all fresh water and barley is produced

utilizing almost all saline water (table 3). When 8.0 acre-inches of

saline water is available to supplement the 42 acre-inches of fresh

water, additional alfalfa acreage is brought into production with a

fresh-saline irrigation water sequence. Alfalfa acreage increases by 7

percent. At the maximum economic utilization of saline water (14

acre-inches per acre), alfalfa acreage is increased by 17 percent. The
•

additional alfalfa acreage would have an irrigation sequence of one

fresh water application followed by three applications of saline water.

As the amount of saline water utilized by the model is increased

from 0 acre-inches to 14 acre-inches, per-acre returns to land and risk

increase from $132.34 to $152.64, an increase of 15.3 percent (table 4).

After 14 acre-inches per acre, no further utilization of the saline

water resource occurred, indicating that saline water can economically

supplement fresh water by 33 percent.
•

Scenario 2

With limited fresh water (8.0 acre-inches per acre), all crops are

Irrigated initially with fresh water followed by numerous saline water
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Table 3: Irrigation sequence° number of irrigations, percent saline water applied and total irrigation applications by crop by scenario.

SCENARIO 1 SCENARIO 2 •

Supplemental
Saline Water

by Crop

Optimal
Irrigation
Sequence 1/

Number
of

Irrigations
Saline
Water

Total
Water

Available
Fresh

Water/Crop

Optimal
Irrigation
Sequence 1/

Number
of

Irrigations

Saline to
Total
Water

Total •
Water

Applicatioils
(percent) . (acre-inches

per acre)
(percent) (acre-inches

per acre)

4 acre inches
per acre

Alfalfa
Barley
Barley

8 acre inches
per acre

Alfalfa
Alfalfa
Barley

14 acre inches
per acre

Alfalfa
Alfalfa
Barley

F (all)
F (all)

F-S-S-S-S-S-
S-S-S

F (all)
F-F-F-F-S

F-S-S-S-S-S-
S-S-S

F (all)
F-S-S-S

F-S-S-S-S-S-
S-S-S

16
10

12

16
18

12

16
18

12

90

64
40

48

8 acre-inches
per acre

Alfalfa
Cotton

Barley

16 acre-inches
per acre

F-S-S-S
F-S-S-S-S-S-S-

S-S-S-S-S
F-S-S-S-S-S-

S-S-S

64
20 62 Alfalfa

Alfalfa
F (all)

F-F-F-F-S
90 48 Barley F-S-S-S-S-S-

S-S-S

0
78 •

90

64
72

48

30 acre-inches
per acre

Alfalfa
Alfalfa
Barley

35 acre-inches
per acre

Alfalfa
Alfalfa
Barley

F (all)
F-S-S-S

F-S-S-S-S-S-
S-S-S

F (all)
F-S-S-S

F-S-S-S-S-S-
S-S-S

18

12

12

16
15

12

16
18

12

16
IR

12

78

92

90

20

90

78

90

0
.78

90

72

48

48

64
60

48

64
72

48

64
72

48

1/ The irrigation sequence F-S indicates a fresh water application followed by a saline water application. This sequence is repeated until
the end of the irrigation season. This F-S-S-S is repeated 41 times for 18 applications.



applications (table 5). Cotton, a more salt tolerant crop, is substitu-

ted for alfalfa in the cropping pattern. As fresh water resources are

increased from 16 to 30 to 36 acre-inches per acre, more fresh water is

applied to alfalfa and saline water is allocated to barley production.

Alfalfa is produced instead of cotton because returns to land and risk

are higher.

In this scenario, the available fresh irrigation water was

decreased in increments from 42 acre-inches per acre for farm use to 4.0

acre-inches per acre, while saline water resources remained unlimited

(table 5). As fresh water availability was curtailed, the saline water

.r

utilized by the economic model increased from 14 acre-inches per acre to

a high of 44 acre-inches per acre, then decreased to 15.5 acre-inches

per acre. Per-acre returns to land and risk declined from $152.64 to

$29.20. An important result is that with unlimited saline water

availability, a farm can decrease fresh water use by 30 percent before

profits are reduced. This would conserve fresh water, without unduly

affecting total water consumption, which averages 56 acre-inches per/

acre.

Demand for Saline Water

The demand function derived for saline irrigation water, assuming a

flexible cropping pattern, indicates that the optimal use of the

supplemented saline water was 14 acre-inches per acre (figure 1). At

this point, the variable pumping cost of the saline water ($.84 per.

acre-inch) is equal to the marginal revenue from its use. The demand

function is relatively elastic at lower water prices. For a fixed

cropping pattern (only rotation is allowed as an activity), and a

9



Table 4: SCENARIO 1--Saline water utilization, net returns to land and
risk and the shadow price of saline water for 42 acre-inches
per acre of fresh water and increasing amounts of saline
water, 1985.

Available Saline
Saline Water Water Utilized
(per acre) (per acre)

,̀.1.0111.1..010.11110101111.,

Net Shadow Price
Returns of Saline Water
(dollars (dollars per
per acre) acre-inch)

0 0 132.34 2.77
4 4 141.66 2.33
8 8 146.81 1.08
12 14 151.09 .79
16 14 152.64 0
20 14 152.64 0
32 14 152.64 0
42 14 152.64 0

Table 5: SCENARIO 2--Saline water utilization, net returns and the
shadow price of fresh water for unlimited quantities of saline
water and decreased fresh water availability, unforced
cropping rotation, 1985.

Available Saline Net Shadow Price
Fresh Water Water Utilized  Returns of Fresh Water

- - - -(acre-inch per acre) - - - (dollars (dollars per
per acre) acre-inch)

42 14 152.64 2.11
35 22 137.80 2.11
32 25.5 131.44 2.11
30 28 127.20 2.11
16 44 97.53 2.11
8 31 58.30 7.30
4 15.5 29.20 7.30

10
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traditional cropping pattern of alfalfa, cotton and barley, the optimal

use of supplemental saline water was 8 acre-inches per acre. The demand

function derived for this cropping pattern was more inelastic and

therefore, with changes in the Price (pumping cost), smaller changes in

the quantity demanded of saline water would result.

SUMMARY AND CONCLUSION

The results from the economic model demonstrate that whole farm

profitability could substantially increase if saline water is utilized

to supplement the 42 acre-inches per acre of fresh water. Saline water

can supplement fresh water by 33 percent, producing 17 percent more

acreage of profitable crops, and additional acreages of less profitable

salt-tolerant crops.

All crops can be irrigated with saline water, but the highest

return to fresh water is for alfalfa production. Saline water, should,

in general, be applied to cotton and barley acreages. Once fresh water

resources are fully employed, additional alfalfa production can be

sustained with saline water augmentationt,

The optimal irrigation sequence for fresh and saline water depends

on the relative availability of the two resources. In general, alfalfa

production requires a minimum of a fresh water irrigation for every

three saline water irrigations. Cotton and barley can be produced with

a fresh water application at the beginning of the growing season to

leach accumulated salts from the root zone for germination, followed by

almost continuous applications of saline water during the season.

The current 42 acre-inch pumping restriction does not differentiate

between fresh and saline groundwater resources. In order to implement

11
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the irrigation strategies for saline and fresh water resources developed

in this report, this restriction needs to be modified to differentiate

between the fresh and saline water resources. This revision would

result in an increase in whole-farm profitability. An alternative

option would be to provide incentives to farmers to reduce the use of

fresh water below 42 acre-inches and to allow unlimited pumping of

saline water resources. This would make more fresh water available for

alternative uses while farm profits could be maintained.

Demand Function For Saline Water
Unforced Crop Rotation

3.5 -

2.5 -

1.5-

0.84 per acre-inch water cost

0.5 -

0 4 8 12 16 20 32 42

Saline Water acre—inches)

- 12
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